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ABSTRACT 
The purpose of this  investigation is to establish the probability 
that t h rus t  vector misalignment will occur  in an ion th rus t e r  a r r a y .  
To accomplish this  it is necessary  to establish f i r s t  the probability 
that any combination of a number of possible mechanical per turba-  
tions in the sys tem m a y  occur ,  second to investigate the effect of 
such perturbations on the ion t ra jec tor ies ,  and finally to interpret  
this information in t e r m s  of th rus t  variations for  a single th rus t e r  
and the a r r a y  of t h rus t e r s .  This report  d i scusses  progress  made  
during the f i r s t  three months of a nominal two year  program to con- 
duct the above investigation by a combined analytical- experimental  
technique. 
ix 
1. INTRODUCTION AND SUMMARY 
I 
As a resu l t  of comprehensive studies over the past  th ree  yea r s ,  
the design of so la r  powered electric propulsion sys tems for interplanetary 
missions i s  becoming more  crystallized. It is known, for example, that 
the thrus te r  a r r a y  will involve a cluster of perhaps eight to twelve th rus t e r s  
a r ranged  on a f r ame  which can  be  translated in two directions (or other 
suitable freedom of motion) relative to  the spacecraft .  
motion is necessary  in  order  to assure  that the center  of thrust  will pass  
through the center  of mass of the spacecraft ,  for any configuration of 
active and inactive thrus te rs .  
will not necessar i ly  be along the thruster  axis and could change slightly 
in magnitude and direction with time. 
th rus t  vector components around the pitch and yaw axes can be negated 
by the t ranslat ion mechanism mentioned above; the component around 
the ro l l  axis, however, can be compensated only by the spacecraf t  att i-  
tude control system. Therefore ,  it is of considerable importance to 
SEP spacecraf t  design to know the expected thrus t  vector misalignment 
a s  a function of various thruster  operational pa rame te r s ,  mechanical 
displacements,  and t ime. Such knowledge is a l so  fundamental to the 
development of techniques for reducing the changes in  the thrust  vector. 
The objective of this  program is the establishment,  by analysis and 
subsequently by experiment, of an  expected change in  thrust  vector 
f r o m  an  electron bombardment engine, a s  a resul t  of all known o r  an- 
t icipated causes .  The f i r s t  phase of this program is devoted to the 
analysis  of expected electrode displacements, determination of the 
e f fec ts  of these displacements on the ion t ra jec tor ies  and thereby on 
the th rus t  vector,  and the design of apparatus for experimental  verifi-  
cation, in Phase  11. 
This translational 
The thrust  vector of an individual th rus te r  
The effect of these misaligned 
This repor t  covers  the f i r s t  th ree  months of this contract .  
the purposes  of conducting the program and reporting, the work is  divided 
into four  major  tasks:  
d e t e r m i ~ = t i n n  f i n n  trajectories as a function of electrode misalignment; 
F o r  
(1) the ion optical study, to be concerned with the 
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(2)  analysis of the causes  and magnitudes of the expected electrode m i s -  
alignment and la te r  the determination of the total thrust  vector a s  the 
summation of the contributions of the individual holes; (3) the design of 
the thruster  to be used in Phase  I1 fo r  experimental verification, and 
(4) the design of the instrumentation to be used in the experimental  work 
i n  Phase 11; this l a s t  task includes the thrust  stand and the electrode 
position monitor and motion generator .  
During this f i r s t  quar te r  the electrolytic tank sys tem w a s  used 
to conduct some initial studies on the effects of electrode placement on 
the ion optical propert ies  of the accelerator  s t ruc ture .  
data were used a s  the basis  for digital computer analysis of the ion 
t ra jector ies  and shape of the ion source.  
expended in  modifying the available digital computer program to make 
it applicable to this problem. This program has been checked out and 
is now running satisfactorily.  In analyzing the effects and causes  of 
electrode misalignment, i t  w a s  decided that m o r e  accuracy could be 
achieved by determining cer ta in  of the thermal  data needed i n  the an- 
a lys i s  f rom an experimental  t es t .  Thus,  a thrus te r  was instrumented 
with simulated heat sources  and thermocouples,  and the experimental  
t e s t  was s tar ted.  
The result ing 
A considerable effort  w a s  
The design pa rame te r s  of the thrus te r  to be used for  experimen- 
ta l  verification of the analysis were  chosen and the th rus t e r  designed. 
Weight and performance were estimated. 
The instrumentation to be used for the experimental  verification 
tes t s  of thrust  misalignment i n  a l a t e r  p rog ram phase,  includes the 
thrust  stand and the devices to simulate electrode motion and to measu re  
these displacements. 
niques for measuring thrust  misalignment,  the thrus t  stand was chosen 
a s  the method best  able to  satisfy the accuracy  requi rements .  A th rus t  
stand concept, based on the displacement of a thin quar tz  rod, with 
e r r o r  s igna l s  generated by the HRL bubble t i l t  s enso r ,  was analyzed in  
detail during this quar te r .  
After an  analysis  of a number of different tech- 
This concept was found to be quite sat isfactory;  
2 
however, two separate  experiments would have to  be pe r fo rmed  in  order  
to determine all  des i red  components of thrust  vector misalignment.  Late  
in  the quarter  a new thrus t  stand concept was conceived which is s impler  
and is capable of measuring simultaneously all des i red  thrus t  components. 
Detailed analysis of this device is being c a r r i e d  out. 
sition monitor and motion generator a r e  being de signed; prel iminary 
tes t s  have been conducted in order  to aid in  finalizing the choice and de-  
tailed design. 
The electrode po- 
3 
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11. ION OPTICAL STUDY 
A. General Objectives and Approaches 
The total thrust  f rom an  ion engine consisting of an  a r r a y  of 
ape r tu re s  is given by the t ime ra te  of change of the momentum of the 
ion par t ic les  exhausted from it .  The velocity, and hence momentum, 
of each ion is determined by the electric fields i t  experiences during 
its motion. Thus a perturbation of these fields caused by an electrode 
misalignment will per turb  the total  th rus t  (magnitude and direction) of 
the engine. 
exhaust momenta of the ions for  various electrode perturbations,  and 
thus determining the variation i n  thrust  vector caused by electrode 
misalignment . 
The ion optical study is  directed toward determining the 
The approach for  this study is  to  calculate the ion t ra jec tor ies  
f o r  a single per turbed aper ture  and to  obtain the total thrust  vector by 
summation for all aper tures  i n  the engine. 
misalignments that can be considered a r e  i l lustrated in  Fig. 1. 
A number of basic electrode 
In Fig. l (a) the electrode spacing is decreased while the rotational 
symmet ry  is preserved.  
of the thrust  f rom this aper ture ,  which may cause the direction of the 
th rus t  vector f rom the engine a s  a whole to rotate. 
t rodes  a r e  displaced normal  to the beam axis, thus destroying i t s  sym- 
m e t r y  and causing a change in the magnitude and direction of the thrust  
vector .  The case  i l lustrated in Fig.  l ( c )  can be considered as the sum 
of the two effects above, which a l te rs  both the magnitude and direction 
of t h rus t  vector. 
This will resu l t  in  an  increase  i n  the magnitude 
In Fig.  l (b)  the elec- 
It can be seen  that the rotational symmetry  of the flow generally 
will be  destroyed and the perturbed flow will be noncircular,  formed 
about a curvil inear axis. It is not possible, i n  general ,  t o  determine 
this type of flow exactly e i ther  with the analog or digital computer.  
intended that a full solution be formed by a suitable combination of a 
a d s y m m e t r i c  solution and a planar solution. 
It is 
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In most  problems involving space charge flow the boundary con- 
ditions a r e  prescr ibed  on a given surface on which the potential variation 
o r  the normal derivative is specified. Problems involving p lasma bound- 
a r i e s  involve a "free" surface in  the sense that the location of the boundary 
must  be found, given the nominal potential variation and the normal  deriv- 
ative. 
and by refining i t  in an  i terat ive manner.  
be changed rapidly in the electrolytic tank; fo r  this reason  it is  convenient 
to use i t  to obtain an approximate solution which is subsequently refined 
on the digital computer. 
This problem can be solved only by specifying a boundary contour 
Experimental  conditions can 
B. Choice of Ion ODtical Svstem 
The basic fac tor  in  choosing the ion optical sys tem to be analyzed 
was that it should be representat ive of the cu r ren t  s ta te  of the art  in  t e r m s  
of both electr ical  performance and mechanical s t ructure .  
rect ly  to the choice of round aper tures  i n  a hexagonal c lose packed a r r a y ,  
as described below. 
standard fo r  many years ,  has been studied both analytically and experi-  
mentally, and has  successfully passed  many thousands of hours  of l i fe  
testing. The exact dimensions were a r r i v e d  a t  i n  conference with the 
J P L  program manager  and were based on data available f rom HRL and 
J P L  programs,  as well a s  the extensive pa rame t r i c  studies and l i fe  t e s t s  
conducted at LeRC in  the development p rogram leading to  the SERT I1 
thrus te r .  
This  leads  di- 
Such a system (in a number of fo rms)  has  been 
The main c r i t e r i a  were the following. 
1. Maximum &en Area  i n  Screen  Electrode 
SERT I1 investigations, recent ly  confirmed a t  HRL, indicate 
that maximizing the open a r e a  in  the s c r e e n  electrode improves th rus t e r  
performance. A pract ical  upper l imit  is 70% open a r e a ;  above this  point 
the apertures  must  be dr i l led so  close together that  the s t ruc tu re  becomes 
very fragile both to fabricate and to  launch. 
of 0. 187 in. diameter ,  spaced 0.210 in .  on cen te r s ,  were  chosen. 
Sc reen  electrode ape r tu re s  
6 
u-U 
fl+n 
Fig. 1 .  Basic electrode misalignments. 
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2. Thin Screen Electrode 
Studies at JPL have indicated that reducing the thickness 
of the screen electrode resu l t s  in  improved performance. 
of 0.030 in. w a s  chosen as a pract ical  minimum. 
A thickness 
3. Tapered Screen Apertures  
It has  been shown that countersinking the sc reen  aper tures  
on the plasma side resu l t s  in  an  optical element whose perveance var ies ,  
depending on the position of the p lasma sheath, to accommodate var ia -  
tions i n  current  density as a resul t  of plasma density variations in  the 
discharge chamber. 
he re ,  although the thinness of the sc reen  and thin web between ape r tu re s  
will reduce the benefits of the countersinking. 
It is planned to countersink the electrodes used 
4. Accelerator  Aper ture  Size 
It has  been demonstrated that the aper tures  in  the accel-  
e r a to r  electrode may  be sma l l e r  than those in  the sc reen  electrode and 
still provide a high perveance design. 
between apertures  is then thicker than i n  the s c r e e n  electrode. The ad- 
ditional mass  improves heat conduction and inc reases  the electrode l i fe-  
t ime,  which is l imited ultimately by sputter erosion. 
analytical HRL study the acce lera tor  aper ture  diameter  was chosen as 
three-fourths of the sc reen  electrode diameter  (here  0. 144 in. ). 
This is  desirable  because the web 
Based on an  
5. Accelerator  Thickness 
The acce lera tor  must  be mass ive  enough to  r ema in  integral  
4 under sputtering a s  a resul t  of charge exchange ion bombardment f o r  10 
hours  - a typical miss ion  duration. Because the ape r tu re  d iameter  and 
center-to-center aper ture  spacing have been defined above, only the 
thickness can be adjusted to provide the necessa ry  mass. 
a s  s umptions were made: 
The following 
0 Thrus te r  d iameter ,  30 c m  
0 Beam cur ren t  = 1200 m A  
8 
0 Beam voltage = 1100 V (I = 3000 sec )  
0 
0 Sputtering ra te  3 . 5  g/A-hour (Ref. 2) . 
SPe 
Accelerator  cur ren t  = 0.5% = 60 mA 
Therefore ,  in  lo4  hours,  210 g of mater ia l  will be sputtered away. 
If i t  is fur ther  assumed that the beam intensity is four t imes as 
grea t  at the center  as at the edge of the beam and that a safety fac tor  of 
2.5 is necessary  to reiiably prevent electrode fai lure ,  the acce lera tor  
electrode thickness m a y  be calculated to be 0. 110 in. F o r  weight r e -  
duction, the thickness of the accelerator  electrode may  be radially var ied 
to conform approximately to the radial p lasma density variations - hence 
the anticipated radial  variation i n  sputter erosion. 
sumed 4 to 1 p lasma density variation, the acce lera tor  i s  then 0.028 in. 
thick at the circumference,  providing a weight saving of slightly m o r e  
than 1 lb. 
Under the above as- 
6. Screen-  Ac celerator  Spacine 
The spacing between the sc reen  and accelerator  e lectrodes 
is nominally 0.  O9Oin. 
study completed p r i o r  to this contract, as well as experimental  data. 
is  desirable ,  however, to increase the perveance of the ion optical a r r a y  
by reducing this distance to the point at which either the quality of the 
ion optical sys tem becomes unacceptably poor because of the large aspect  
ra t io  o r  the electrodes actually touch o r  a r c  over under some operating 
conditions. With these factors  in  mind, the ion optical a r r a y  used he re  
is designed to  have an insulating support at the center  to  provide more  
s t ruc tura l  support; i n  the analytical p rogram,  this spacing is considered 
one of the var iables ,  
i n  the hardware,  the final choice of electrode separation need not be made  
at th i s  t ime. 
This value w a s  based on the HRL electrolytic tank 
It 
Because it is  relatively simple to modify this spacing 
7 .  Mat e r i a1 
Because i t s  high thermal conductivity, low sputtering C O -  
efficient,  good s t rength character is t ics  at high tempera tures ,  and fair ly  
good machinability, molybdenum was chosen as the electroue mater ia i .  
9 
C. Results f r o m  the Analog Computer Studies 
The analog computer has  been used in  conjunction with the wedge 
shaped electrolytic tank to  determine the ion t ra jec tor ies ,  the position 
and form of the "upstream" plasma boundary, as a function of electrode 
displacement. The analog computer was used for initial studies S O  that 
t ime might be saved on the digital computer by s tar t ing f rom a par t ia l ly  
converged solution. 
The shape of the boundary for the unperturbed geometry was 
found to be almost spherical ,  with a radius of approximately 2.  7 d, 
where d is the screen-acce l  spacing. 
placement of the accel  electrode toward the s c r e e n  was a l so  determined. 
It was found that this movement caused the shape of p lasma boundary to 
deform to some extent and shift its position on axis by approximately 
0.  1 d in  the same direction. 
yet been determined, and thus the change i n  total th rus t  cannot be cal-  
culated. The information concerning the emitting p lasma is now being 
used to  determine the downstream boundary. 
A fur ther  case  with a 20% dis -  
The downstream plasma boundary has  not 
D. Digital Computer P r o g r a m  and Result  
A digital computer program which solves the t ra jec tor ies  of 
electrons from guns with rotational symmet ry  has  been obtained. 
program w a s  originally writ ten for  NASA by C.  Bogart  in  F o r t r a n  I1 
language. 
able fo r  use on the GE-635. The basic p rogram uses  finite difference 
techniques to  solve Laplace 's  and Poisson ' s  equations using boundary 
data specified by the user .  
a r e a  of the acce lera tor  is overlaid with a suitable m e s h  and the potential 
at each mesh point (up to 3600) i s  calculated i n  t e r m s  of its neighbors. 
Hence the Laplace equation 
This 
The program has  since been t ranslated into F o r t r a n  IV suit-  
In o rde r  to specify these boundary data,  the 
2 Y7 v = o  
10 
, . . .. 
1 
at point R, Z within the problem becomes 
is the potential at the mesh  
where v i j  
in  t e r m s  of finite differences, 
point R, Z. 
and the emission is determined by Child's law, using the potential as 
calculated above at a fixed distance (usually th ree  m e s h  units) f rom the 
surface.  
then determined using the electr ic  fields associated with the Laplace 
solution. 
each m e s h  point. 
t e r m s  of finite differences. 
the solutions converge. 
The ion source is  then divided into segments  of equal length 
The t ra jec tory  of a character is t ic  ion f rom each segment i s  
Charges appropriate to  the cur ren t  flow can then be se t  in  a t  
The full Poisson solution can  then be determined in 
The above process  i s  then repeated until 
In order  to be able to  use the existing program for this study, 
it has  been necessary  to  modify it in a number of ways. It w a s  neces- 
s a r y  to  rewri te  those sections dealing with rotational flow exclusively 
so that  ca ses  of planar symmetry  could a l so  be solved. 
volved rewriting the finite difference and the cu r ren t  continuity equations. 
In addition, because the emitting surface in  this case  is  a plasma,  
sect ions had to  be included which would allow the t ra jec tor ies  to be 
s t a r t ed  f rom a generalized nonspherical surface.  
routine was written which f i r s t  determines the length of the emitting 
sur face  f rom the input parameters ,  then divides the surfaces  into a 
given number of segments,  and finally calculates the normal  direction 
at the  midpoint of each segment. 
can  be  s ta r ted  a t  specified distances normal  to  the surface.  
t ional facility has  been included so that the t ra jec tor ies  can be s ta r ted  
f r o m  u s e r  specified positions. The writing of the program took some- 
what longer than had been anticipated because seve ra l  ra ther  subtle 
e r r o r s  were  found in  the program made  available to us. 
has  passed  through seve ra l  hands since its inception. 
This  has  in- 
In o rde r  to do this a 
Using this routine the t ra jec tor ies  
An addi- 
This program 
11 
The location and shape of both the upstream and downstream 
plasma boundaries must  be determined before the complete geometr ies  
can be run. 
puter,  using the requirement of ze ro  cur ren t  density variation a c r o s s  
the emit ter  a s  the boundary condition. 
been run on the digital computer;  Fig. 2 shows the extent to  which uni- 
form current density has  been achieved. 
computer a r e  shown in Fig. 3 ,  with a n  assumed downstream boundary. 
The upstream boundary was determined in  the analog com- 
The boundary thus found has  
Tra jec tor ies  calculated by the 
Work is  current ly  in  progress  to determine this downstream 
boundary. 
diode formula 
An initial es t imate  of i t s  location i s  obtained using the planar 
3 
- S = ( 1 - R -  (1 t 2R- 1/2) 
d 
where 
The dimensions and voltages a r e  given i n  Fig. 4; the final shape and 
position of the surface will be determined f rom the equipotentials i n  this 
region. 
l e s s  than d from the emitting surface i s  unaffected by moderate  changes 
in  the terminating conditions. 
be solved independently of the upstream portion of the beam. 
It has  been found that the shape of the t ra jec tor ies  a t  dis tances  
This enables the downstream boundary to 
12 
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111. CAUSES AND MAGNITUDE O F  ELECTRODE 
MISA LIGNM EN T 
This task is  concerned with an analysis of the severa l  fac tors  
in th rus t e r  assembly and operation which can cause distortion and 
misalignment of the electrodes,  and a first o rde r  analysis of the 
effect of these misalignments in beam direction. Subsequently, the 
degree of electrode misalignment expected f rom this  task  will be 
coupled with the data on beam direction and magnitude obtained f r o m  
the ion optical t a sk  to provide a complete analytic es t imate  of the 
thrust  vector misalignment.  
In this  task  two guidelines become apparent and will be followed 
whenever possible : 
1 .  The analysis should be general  enough to include 
a l l  of the significant causes  of misalignment 
2. The analytical models should provide solutions 
which a r e  sufficiently accurate  to guide and 
cor re la te  with the future experiments .  
The accurac ies  of measurements  and calculations which a r e  
requi red  to be consistent with assumptions made in the analysis can be 
checked a s  the analyses proceed.  A simple example of such a check 
on the  magnitudes of gr id  displacements and rotations which a r e  consis- 
tent with small th rus t  vector deflections wi l l  be given when the f i r s t  
ion optical model is available.  
The electrode misalignments caused by thermal  s t r e s s e s  appear  
to be the most  difficult t o  analyze. 
which predict  the misalignments which resul t  f rom the asymmetr ic  
heat loading of initially aligned grids and the symmetr ic  heating of 
initially misaligned g r ids .  
p roblem in a conventional (aligned) e lec t r ic  bombardment engine. 
We wish to develop analytical models 
We begin by studying the thermal-  s t r e s s  
17 
A .  Grid Displacements Caused by Thermal  S t r e s s e s  
When a solid body is subjected to  a heat load, t he rma l  s t r e s s e s  
develop which tend to de fo rm the body into a new shape .  If the deforma- 
t ions a r e  l a rge  they wil l  se r ious ly  affect the equilibrium t empera tu re  of 
the body and a coupled t h e r m a l - s t r e s s  problem m u s t  be solved. How- 
e v e r ,  if the deformations produced by the the rma l  s t r e s s e s  a r e  small, 
the thermal  analysis  and s t r e s s  analysis  become uncoupled and the 
problem i s  simplified.  
duced by the heat load i s  found fo r  the undeformed body. 
and deformations a r e  then calculated using th i s  t empera tu re  dis t r ibu-  
t ion.  The validity of the assumption of "smal l  deformations' '  is eas i ly  
checked by showing that  the deformations do not cause any appreciable  
change in the tempera ture  distribution of the body. 
e lec t r ic  bombardment ion engine the l a rges t  deformations which occur  
a r e  the warping (bowing) of the e lec t rodes .  
l a t e r  verified) that the deformation of the e lec t rodes  i s  small (in the 
sense  descr ibed above),  so that  a n  uncoupled the rma l  s t r e s s  analysis  
can be performed.  
In  this ca se  the tempera ture  distribution p ro -  
The s t r e s s e s  
I n  an operating 
It wi l l  be a s sumed  (and 
B .  Thermal  Analysis of an Electron Bombardment Ion Engine 
Because no detailed analytical  t h e r m a l  ana lys i s  has  ever  been 
c a r r i e d  out for the internal  heat balance in an  e l ec t r i c  bombardment  
ion engine and in  addition because no detailed experimental  data on 
the tempera ture  distributions on the component p a r t s  of such a n  engine 
have ever  been taken, a somewhat slow but carefu l  approach to the 
development of an analytical  t he rma l  model  has  been undertaken.  
heat t r a n s f e r  inside the engine is p r i m a r i l y  by radiation; the main  
sources  of heat a r e  the a r c  d ischarge  and the cathode hea te r .  A n  
analytical  e f for t  i s  now under  way to  de te rmine  the appropr ia te  view 
f a c t o r s  which come into the calculations of the radiat ive heat ba lance .  
An  example calculation i s  now given. 
The 
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Anode to  screen view factor  
p dA1 
The view factor  between the a r e a  element dA1 
of radius  r is given by Eckert  as 
and the c i rcu lar  disc  
4 
( 3 3 
hL t rL t 1 
2 
(h2 r2 t .- 4r 
By integrating F12 over  a cylinder of unit radius and height h we obtain 
the view factor  
f r o m  a cylinder to a concentric disk of radius r .  
checked against  a previously known view factor  f(h, R )  
radiation f rom the end of a cylinder of radius R and height h to its 
walls : 
This  resu l t  can be 
which governs 
I 
19 
I 
The reciprocity condition to  be satisfied i s  that  
It i s  easily shown that ( 1 )  i s  satisfied when Because the 
tempera tures  a r e  not constant on the anode and s c r e e n ,  these  s u r -  
f aces  must be subdivided. 
bution the  view fac to r s  f r o m  a cylindrical  zone on the anode to an  annu- 
lar ring on the s c r e e n  become relevant .  
a r e  easily derived f r o m  the formula 
r = 1 = R .  
F o r  an ax isymmetr ic  t empera tu re  d i s t r i -  
Fortunately,  these  view fac tors  
F12. 
C .  Thermal  Mockup Study 
A s  stated above, the objective of the the rma l  analysis  i s  t o  
es tabl ish an accura te  t empera tu re  pat tern f o r  the t h r u s t e r  under  v a r i -  
ous operating conditions. 
s t r e s s e s  and finally the s t r a ins  will be calculated.  
possible to predict  the location of all the  heat s o u r c e s  fo r  var ious opera t -  
ing conditions and then with only a knowledge of the geometry and s u r -  
face emissivi t ies  to calculate the resultant t empera tu re  dis t r ibut ions.  
It was decided, however, t o  check these  r e su l t s  with a s imple t h e r m a l  
mockup which could be readi ly  instrumented to  a s s u r e  that the detailed 
s t r e s s  calculations would be based on t h e r m a l  prof i les  which matched 
the t r u e  operating conditions as  accura te ly  as  poss ib le .  
F r o m  this t he rma l  p ic ture  the mechanical  
In principle,  it i s  
The mockup used consis ted of a sheet  s ta in less  s tee l  s t ruc tu re  
fitted with an  existing se t  of 24 c m  d iame te r  ion opt ics ,  which were  
the largest  s ize  readi ly  avai lable .  Coaxial r e s i s t ance  hea te r s  were  
installed to simulate the cathode and to heat the anode.  
hea te rs  were used;  one w a s  distributed ove r  the whole length uniformly 
and the other was concentrated a t  the s c r e e n  end where the major i ty  of 
the discharge power i s  a s sumed  to impinge.  
were installed to monitor  the local  t e m p e r a t u r e s  on the t h r u s t e r  she l l ,  
on the anode, and a c r o s s  the s c r e e n  and a c c e l e r a t o r  e lectrode d i a m e t e r s .  
Two anode 
Twenty-four thermocouples  
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To date,  data f r o m  ten different operating conditions have been 
tabulated and a r e  current ly  being correlated with the analytical model.  
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IV . THRUSTER DESIGN 
The purpose of this t a s k  is to design a th rus t e r ,  to  be used 
l a t e r  fo r  experimental verification of the analytical resu l t s  descr ibed 
above. 
so la r  e lectr ic  powered ion propulsion sys tems for  unmanned miss ions .  
Recent studies have indicated that the most  probable th rus t e r  module 
s ize  for  such a mission is in the 2 to 3 k W  range and that the effective 
specific impulse will be 3500 sec  or lower,  depending on the exact e f f i -  
ciency curve for  the thrus te r  chosen. Based on cur ren t  performance 
data,  a 30 c m  diameter  th rus te r  will m e e t  the lower l imits  se t  above, 
while fur ther  improvements in thruster  performance (particularly in the 
perveance of the ion optical system) will make such a th rus t e r  cover 
m o r e  of the above range.  
in the experimental  verification tes ts  in Phase  I1 is  rea l i s t ic ,  the 
th rus t e r  used will be based on the above performance objectives and 
fur thermore  will approximate the weight permissible  for  a flight design; 
it wi l l  be fabricated using techniques s imi la r  to those used in the con- 
struction of flight hardware.  
The resu l t s  of this program a r e  to be used in the design of 
To a s su re  that the design of the th rus t e r  used 
Based on the above, it was decided in conference with the J P L  
P r o g r a m  Manager to per form the experiments using a 30 cm th rus t e r  
of the design described in Section 11-B, whose design weight should be 
approximately 11 lb .  
whenever possible . 
cathode a s  the p r imary  electron s o u r c e  
s tudies  and in-house experiments pr imari ly  use this  device.  
experimental  th rus te r  design is  essentially a scaled vers ion of the 
SERT I1 th rus te r  a s  descr ibed in a number of recent repor t s  f r o m  
Construction should use  sheet meta l  techniques 
The de sign chosen employs a thermionic oxide * 
because cur ren t  JPL mission 
The 
:: 
Substitution of a thermionic hollow cathode should not great ly  a l te r  
the design.  
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integration phase of the program to investigate briefly the m o r e  
cr i t ical  parameters  ( i .  e . ,  shape of cathode pole t ip and magnetic 
col lar)  which a r e  expected to affect the per formance ,  
and i s  essentially ~ o m p l e t e . ~  Provis ion is  made in the 
In o rde r  to  minimize the weight, the use  of aluminum compared 
with stainless s teel  was considered for  the discharge chamber  shell ,  
anode, and o ther  s t ruc tura l  m e m b e r s .  Stainless s tee l  w a s  chosen 
because 
welded to the soft  iron end plates ,  while aluminum m u s t  be rivetted; 
(c) no weight penalty i s  associated with the use  of s ta inless  steel be- 
cause i t  may be used  in ve ry  thin sect ions.  
cal system and reasons  for choosing molybdenum were presented in 
Section 11-B. 
(a) it is known to r e s i s t  attack by mercu ry ;  (b) i t  i s  readily 
The design of the ion opti- 
The est imated weights of the var ious components a r e  l is ted in 
Table I .  
Based on the perveance of the SERT I1 ion optical sys t em o r  
HRL data for the counter-sunk sc reen  (which a re  ve ry  near ly  identical) ,  
the power handling capability of the proposed 30 c m  design is shown in 
F ig .  5 as a function of specific impulse .  
:: 
The p rogram plan cal ls  fo r  a detailed th rus t e r  design of the 
type described above. The rma l  and mechanical  calculations to  es tab-  
l ish perturbations in the th rus t  direction will be based on this  design.  
The actual th rus te r  to  be constructed in the Phase  I1 p rogram will be 
closely based on this design as  well, but will be modified where neces-  
s a r y  to permit  the instrumentation to pe r fo rm the measu remen t s  to  be 
incorporated into the design. 
x c  
Assumes  ? 
ing efficiency = '40%. 
= 90%; accel /decel  ra t io  is 2 . 5 ;  and power condition- m a s  
2 4  
Par t  
Screen Collar 
Lower Ring 
Outer Shell 
Anode 
Screen Pole Piece 
Screen Electrode 
Accel Electrode 
Back Plate 
Cathode Pole Piece 
Magnets 
Insulator 
Assemblies 
Subtotal 
Total 
TABLE I 
Component Weight 
Material 
CR Steel 
CR Steel 
Stainless Steel 
Stainless Steel 
CRSteel 
TEM Molybdenum 
TEM Molybdenum 
CR Steel 
CR Steel 
Alnico V 
Weight, lb 
0,010 in. 
0 . 9 4  
0 . 9 8  
0 . 5 1  
0 . 0 8  
2.51 
. o .  25 
0.020 in. 
1 . 8 7  
1 . 9 5  
1 . 0 2  
0.15 
4 . 9 9  
2 . 7 3  
~ ~~ 
Components 
[ndependent 
of Sheet 
Metal 
T hic kne s s 
~ 
1.13 
0.47 
0 . 4 2  
0 . 7 1  
1.96 
2.56 
0 . 4 9  
7 . 7 4  
25 
5 
4 
3 
2 
1 
0 
2000 3000 
rap,, aec 
4000 
F i g .  5. Power handling capability as a function 
of specific impulse.  
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A .  
INSTRUMENTATION 
T h ru s t St and 
In o rde r  to c a r r y  out the experimental verification phase of 
this program,  a device is required to m e a s u r e  the location of the 
thrust  vector f r o m  the thrus te r  described above to within f 1/4O of 
angle and to determine whether any couple exis ts  about the thrust  
axis to an accuracy of 5 x 
ing this  measurement  were analyzed. 
measuring ei ther  thrust  o r  ion t ra jector ies  were investigated f i r s t .  
Each of these (v i z . ,  scanning Faraday cups, tors ion wire suspension, 
and ion beam collection reaction) were eliminated fo r  this  application. 
At this  point two new concepts of thrust  measuring sys tem were con- 
s idered .  
t h rus t  vector directly,  but that  one m a y  posses s  some inherent advantages.  
These two sys tems a r e  discussed in detail  below. 
in.  -1b. Competitive techniques of mak- 
Conventional techniques fo r  
It appears  that  each h a s  sufficient sensitivity to  measure  the 
1 .  Survey of Possible Thrust  Measurement  Techniques 
a .  Stiff Column Design - The hear t  of this design 
is an extremely sensitive t i l tmeter  recently developed at H R L  which is 
capable of resolving deviations of r ad  f r o m  the horizontal. The 
bas ic  concept i s  i l lustrated in F ig .  6 .  
that both the gravitational vector and the nominal thrust  vector a r e  
para l le l  and l ie along the axis of a slender hollow column which both 
supports  the t e s t  package and contains the necessa ry  electr ical  leads to 
opera te  the th rus t e r .  
plat form stabilized by a servo loop which is  controlled by a t i l tmeter .  
A second t i l tmeter  mounted on the platform supporting the th rus t e r  moni- 
t o r s  sma l l  angular fluctuations which occur  when variations in thrus t  
direct ion cause the slender column to deflect .  
The th rus t e r  i s  so  positioned 
The base of the column is supported on a mass ive  
The sensitivity of t h i s  system m a y  be estimated a s  follows. The 
angular  deflection of a slender column i s  given by 
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P 
5PLACEMENT = A  
NGULAR DEV/ATION =@ 
- MASS Of 
COLUMN = m 
-SLENDER COLUMN 
F i g .  6. Basic thrust  measur ing  concept. 
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rad  1 FP2 Q = - -  2 E1 
where 
F E force perpendicular to column 
I E length of column 
E E modules of elasticity 
I f moment of iner t ia  of c r o s s  section of column 
F o r  a 6 in .  long quartz  rod, 1/4 in.  in  diameter ,  used in the p ro -  
posal,  8 = 10 F .  With the sensitivity of rad specified for the 
t i l tmeter ,  forces  of lb m a y  be detected.  
- 2  
The basic concept of monitoring the position of a flat "pancake" 
shaped bubble formed in a liquid under a flat plate,  which i s  the hear t  
of the tiltment design, m a y  be employed in two ways to  achieve the 
des i r ed  resul t  he re .  The f irst  (Fig. 7 )  i s  to provide a se rvo  sys tem to 
maintain the platform on which the th rus t e r  is mounted i n  a level posi-  
tion using the bubble a s  an accurate null indicator.  
been precal ibrated it m a y  be used to direct ly  read out the force necessary  
to  counteract that resulting f r o m  thrust  deviations. 
technique i s  to use  a complete t i l tmeter  which includes not only the bubble 
senso r  but the necessary  suspension and servo sys tem to  maintain the 
bubble in a level position on a moving platform and to indicate table 
declination direct ly .  
If the servo  loop has 
The second (F ig .  8) 
This basic  concept has  sufficient sensitivity to measu re  thrus t  
direct ion with the des i red  accuracy. 
choose the best  physical design and to  establish the sensitivity and 
stabil i ty of the sys tem.  
to m e a s u r e  angular deviations of the thrus t  vector f rom its des i red  posi-  
tion and couples about the th rus t  axis.  
A detailed analysis  i s  necessary  to 
Different mechanical configurations a r e  required 
2 9  
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Fig. 7. Null producing system. Fig.  8. Measurement  of angular 
deflection. 
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b .  Floating Suspension - This concept is an out- 
growth of the th rus t  stand described above. 
mechanism it permi ts  the three  components of the thrus t  and the 
torques about the three  mutually perpendicular axes  to  be  measured  
at  the same t ime .  
and i s  f r e e  to  drift  horizontally o r  to lean away f rom the ver t ical ,  
depending on fo rces  applied. It is also possible f o r  the  sys t em to rotate 
about its ver t ical  axis if a couple exists about this  ax i s .  
below, the suspension must  be  carefully designed to a s s u r e  stability 
and to a s s u r e  that the suspension itself introduces minimum per turba-  
tions into the sys tem.  
By a different suspension 
>$ 
The thrus te r  platform is floated in a m e r c u r y  pool 
A s  discussed 
The operation of the sys tem m a y  be understood by referr ing to  
F ig .  9, which shows a two dimensional sketch of the essent ia l  elements 
of the device, and Fig .  10 ,  which i l lustrates  the two types of t h rus t  m i s -  
alignment which may  occur .  
thus removing the necessity of placing the whole apparatus  on a stable 
table as  in the previous design. In  operation the table is releveled by 
the force  motors  F Z ,  using the t i l tmeter a s  a reference,  while hori-  
zontal and rotational motion is a r r e s t e d  by the force motors  F 
respectively.  Fr’ 
posit ions a r e  not shown. 
The mercu ry  surface remains  horizontal, 
and 
X 
The position monitors which establish these null 
Consider first case  1 of F i g .  10 .  Here  the thrus t  vector i s  a t  
an angle 6 with the desired direction along the center l ine.  It i s  appar-  
ent tha t  such a fo rce  tends both t o  tilt the platform and to  move it 
horizontally. 
f o r m  and the force motor  
Next, consider case  2 of the s a m e  figure which i l lus t ra tes  a situation 
in which the thrus t  vector has  moved la teral ly  while remaining paral le l  
to the centerline.  Notice that if I = 1 2 ,  the same torque is produced 
about the center  of rotation, a s  in  case 1 .  However, t he re  is no la te ra l  
To resolve such a force,  fo rce  motors  FZ level the plat-  
Fx compensates for  the horizontal dr i f t .  
! ’_ * 
The total  th rus t  is calculated f r o m  electr ical  measurements .  
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Fig ,  9. Sketch of floating suspension device. 
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Fig.  10. Two types of thrust misalignment. 
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fo rce  in the second case .  
distinct advantage over the stiff column design which can measu re  only 
the torque component and thus not distinguish between the two types of 
perturbation. 
The ability to resolve these two cases  is  a 
Measurement of the torque about the centerline tending to rotate 
the system i s  easi ly  accomplished by the force motor 
s enso r .  
F and a null r 
Thus, this  sys tem measures  enough pa rame te r s  to simultaneously 
determine all t h ree  orthogonal force components and all t h ree  orthogonal 
to rques .  
V-A-2-b. 
s t i f f  column design, i t s  analysis i s  not yet complete. 
I n  summary ,  this  proposed sys tem is superior  to a l l  o thers  
A brief analysis of a pract ical  design is outlined in Section 
However, because this sys tem is a recent outgrowth of the 
considered because it may  simultaneously measu re  a l l  s ix  thrus t  and 
torque parameters  that completely define the sys tem.  
C .  Scanning Faraday  Cup - The basic  concept here  
is to u s e  a Faraday cup to establish the number and direction of the ions 
a t  each point in the beam and f r o m  this  information to infer the thrus t  
direction. As with al l  the methods compared the limiting accuracy  must  
be A fundamental problem associated with the var ious ways in 
which this general  technique m a y  be applied is that the ions in the beam 
do not follow laminar  t r a j ec to r i e s .  
actually to measu re  the direction that the ions a r e  traveling a t  each point. 
f 1/4'. 
F o r  this  reason,  it i s  necessa ry  
The most  d i rec t  way to accomplish the above is to make the m e a -  
surements a t  a point sufficiently far downstream that the actual source  
m a y  be approximated by a point sou rce .  
the source must  subtend an angle l e s s  than 1/Z0 a t  the cup. 
diameter  th rus te r  this gives a beam path length we l l  over  100 f t .  
are facil i t ies of this s ize  not available,  but scattering in the beam would 
make the resul ts  uncertain.  
With the above required accuracy]  
F o r  a 30 c m  
Not only 
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The second possibility i s  to  employ a Faraday  cup relatively 
The cup must now be designed to accept only close to the th rus t e r .  
ions which have emanated f rom an a r e a  on the source which subtends 
a 1/2O angle o r  l e s s  at the collector.  
be preceded by a ve ry  nar row angle col l imator .  
t h i s  device m a y  now be used to  measure  experimentally the beam 
intensity a s  a function of angle (between Faraday  cup beam axis j  a t  
each point in the beam.  This measurement  technique of course  would 
generate an enormous amount of data. The experiment is difficult not 
only because of the accuracy required to  position and control the loca-  
tion of the cup, but a lso because of the low signal level available 
(-1 0-8 A) a f t e r  the selective collimation. 
thrust  vector f r o m  such measurements  would no doubt require  consider-  
able computer analysis .  
In other words, the cup must  
In  principle a t  l eas t ,  
Actually reconstructing the 
Another important factor which mitigates against this method is 
that collection of the data to establish a single thrust  vector might r e -  
quire severa l  hours,  a period which is much longer than the stability 
of e i ther  the measuring equipment o r  the th rus t e r .  
In summary ,  it does not appear pract ical  to construct the thrus t  
vector  to the des i red  accuracy f rom detailed measurements  of ion 
t ra jec tor ies  in the beam.  
la rge  amount of information r,equired to  define the beam with sufficient 
accuracy .  
The principal difficulties arise f rom the ve ry  
d .  Torsion Wire Systems - The basic concept 
he re  is to hang the th rus t e r  f rom a thin wire and then measu re  the angle 
through which the wire twists because of the torque created by unbalanced 
f o r c e s .  A number of variations of th i s  general  idea, such a s  suspending 
the th rus t e r  between two wires  (as in a taut wire galvinometer) and using 
nulling techniques to maintain the net angular deflection at  zero,  a l l  
fa l l  into this  same general  category. 
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With this type of suspension system it is conceptually possible 
- 4  to measure  torques of the magnitude of interest  he re  
However, there  a r e  a number of pract ical  difficulties which ser iously 
l imit  the application of the technique. 
(5 x 10 in .  -1b). 
0 Electr ical  Leads - A number of e lec t r ica l  con- 
Each of nections must  be made  to  the th rus t e r .  
these will stiffen the suspension and reduce 
sensitivity. 
lead to dip into a separate  m e r c u r y  pool, thus 
providing a friction f r e e  contact. 
cult to es t imate  the chance of success  of th i s  
technique; it is a t  best  a ve ry  cumbersome one.  
A possible solution is to allow each 
It is ve ry  diffi-  
e 
0 
Stability - this arrangement  i s  v e r y  susceptible 
to pendulum type instabil i t ies.  In principle,  these 
can be damped out, but only with a sacr i f ice  in 
over-al l  sys tem response .  
Nulling Mechanism - Considering the device as  
a simple pendulum, it m a y  be shown that the 
engine th rus t  (25 mlb)  will cause motions of the 
th rus t e r  sys tem of the same  o r d e r  of magnitude 
a s  those created by the tors ional  fo rces  about 
the wire ax is  which we a r e  trying to m e a s u r e .  
This sys tem thus requi res  a relatively sophisti- 
cated nulling sys tem which automatically balances 
the main thrus t  vector at a l l  t imes  while at the 
same t ime measuring the  much smaller (by a 
factor of approximately 100) force  necessa ry  to  
compensate for  the th rus t  variation which we 
wish to  m e a s u r e .  
3 6  
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0 Interpretation of Data - A sys tem such a s  this 
would be designed to  measu re  only the torque 
about the axis of the suspension wire.  Inherent 
in the sys tem a r e  a number of other  degrees  of 
f reedom which m a y  be excited by perturbations 
in the th rus t  direction, Coupling between these 
m a y  make  interpretation of the experimental  
resu l t s  ve ry  difficult. 
In summary ,  while this  type of sys tem conceptually has just  
-4 sufficient sensitivity to  measu re  the torque specified (5 x 10 in.  - lb),  
a number of pract ical  problems make application of the basic  principle 
difficult, if not impossible .  
e .  Collectors - Under ideal c i rcumstances it is 
possible to  measu re  th rus t  produced by an  ion th rus t e r  by measuring 
the effect that the impinging ions have on a col lector .  
pract ical  difficulties which a r i s e  a r e  associated with the dissipation of 
the b e a m  power ("2 k W  must  be car r ied  away f rom the collector by some 
type of forced cooling system, usually water ) .  
s ider  water leads with sufficient flexibility to pe rmi t  the collector to 
respond to thrust  levels of the magnitude of interest  he re .  
it is not possible t o  measu re  the thrust  direction by observing the r e a c -  
tion of the collector to the thrus t .  
The principal 
It i s  impract ical  to con- 
Therefore ,  
2. Detailed Analysis of Two Most Promis ing  Designs 
a .  Stiff Column Table Design - Even though the 
complete mechanical design is  not ye t  specified, a number of pa ram-  
e t e r s  exis t  which a r e  common to all concepts.  The following example 
i l lus t ra tes  severa l  of these points.  
3 7  
.. . . 
0 resolution of th rus t  deviations of f 1/4O 
-4 
fo r  a 25 mlb  thrus t  level, this  is -10 lb  
of t h rus t  t r ansve r se  to the p r i m a r y  th rus t  
vec tor .  
0 long term stability 
0 compatibility with the th rus t e r  operating 
e nvi r o nme nt 
0 di rec t  readout (if possible) .  
T i l tmeter  Sensitivity - The rated sensit ivity of 
the standard 4 in.  t i l tmeter  is 
by using digital recording and time averaging. 
ment  with an  "off the shelf" demonstration device indicated that a r e s o -  
lution of 5 x 10 r ad  was readi ly  achievable with no special  equipment. 
It will be shown in the following calculations that a sensitivity of 10 
is adequate to  m e a s u r e  a thrus t  component of 10 
rad  with higher sensitivity possible 
A very  crude experi-  
- 8  
-7 r ad  
- 4  lb. 
Design Equations - F o r  the setup shown in F i g .  7 
3 
(2 )  r ad  
1 T1" 0 = - -  
2 E1 
A =  1 3 
- T1 - 
E1 
.lr2 E1 p = -  
412 
in .  ( 3 )  
(4) 
4 f = - [  1 1 2 ]1 /2  h2 .38)  p r E  - Mgl 
'TT (M t 0 . 2 3  m)1 
where 
8 E angular deviation ( r ad )  
A E total  deflection ( in . )  
P E cr i t ica l  buckling load (lb) 
C 
f I fundamental frequency (cps)  
T force  1 to  column (lb) 
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P E column length (in. ) 
E 5 modulus of elasticity of column 
I E moment  of i n e r t i  of c r o s s  section of 
ma te r i a l  (psi)  
column = 1/4 TT r 2 for  round column 
(in. 4) 
M E m a s s  supported on the column (slugs) 
m E m a s s  of column (slugs) 
r E radius of column ( in . )  
g E gravitational constant 
Design Example - Assume 
-7 -4  8 = 10 r a d f o r  T = 10 lb 
E = 3 x 10 psi  (stainless s teel)  7 
P = 12 i n ,  
Solving ( 2 ) ,  
(6) 
4 I = 2 . 4  x in . 
I 
F o r  a mass of 1 slug (32.2 lb) ,  t h e  natural  frequency, is, f rom (5),  
f = 1 . 8 c p s  . (7 ) 
If we fur ther  a s sume  t h a t  the supporting column is actually a 
tube with a wall thickness of 0.020 i n . ,  eq .  (6) gives 
r = 0.35  i n . ,  o r  a tube with 
0 . d .  = 0.74 in .  
i . d .  = 0 . 7 0  in .  
The c r i t i ca l  buckling load is a 12  in. long tube descr ibed by (6) is, 
f r o m  (4),  
P = 1250 lb . (9 1 C 
3 9  
. .. . 
This f i r s t  cut gives a design acceptable in a l l  respects  for  the 
proposed task .  There  i s ,  of course,  a good deal of flexibility to 
choose other pa rame te r s  should m o r e  detailed design place fur ther  
constraints on the physical size o r  frequency response of the sys tem.  
There a r e  two basic  types of nulling actuators  device which 
may be used to  re turn  the table to  a level position a s  defined by the 
bubble: (1) a fo rce  motor ,  which i s  a device such a s  voice coil-magnet 
combination which generates  a force which is  independent of position; 
(2)  a displacement motor ,  such a s  a magnetostrictive o r  thermally con- 
t rol led element which changes in length in a controllable manner .  
The distinction between these two types of device is important 
here  because of the different manner  in  which they affect the suspension 
sys t em.  F o r  example, in the sys tem shown in F ig .  7 ,  where both the 
bubble indicator and the table on which the th rus t e r  i s  mounted a r e  sup- 
ported on the flexible column and continuously leveled, i t  i s  important 
that  a force motor be used because the inherent high compressive 
strength of the displacement type device will make  the suspension sys -  
tem very s t i f f  and ser iously reduce the accuracy of the sys t em.  
the other hand, the leveling mechanism in the t i l tmeter  in a sys tem of 
the type shown in F ig .  10 would likely employ a bubble sys tem supported 
on three  magnetostrictive rods which se rve  the dual purpose of supporting 
and leveling the bubble. 
On 
A voice coil consis ts  basically of a cu r ren t  carrying coil sus -  
The force  equation pended in the annular gap of a permanent  magnet .  
i s  
where 
F E force 
B E magnetic field 
1 E length of wire  in field 
I E curren t  flowing in w i r e  . 
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F o r  a typical 5000 G field, a current of 1 mA flowing through 3 f t  of 
wire produces the des i red  10 -4 l b  of res tor ing force .  
The change in length for  magnetostrictive ma te r i a l s  is given 
by 
A1 = LAB 
where 
A1 E change in length 
1 E length of ma te r i a l  in  magnetic field 
X E magnetostrictive coefficient (usually a function 
B f magnetic field strength. 
of B) 
Values of X vary  widely for different mater ia l s  ranging f rom 10-8/G 
for  cobalt over  a range f r o m  0 to  4 kG to approximately 40 t imes  this  
value for  nickel over a range f rom zero to 100 G .  
the application of this  principle, consider the restor ing mechanism 
which levels a 2 i n .  diameter  bubble that i s  t i l ted rad .  One sup- 
por t  leg must  then compensate by a change in length of 2 x 10 
Assuming that a 1 in .  long pure cobalt leg i s  used ,  it must  be immersed  
in a f ie ld  of 200 G .  
A s  an  example of 
- 6  in .  
As indicated above, the choice between these two types of device 
depends pr imar i ly  on the total system design and the functional role 
that  the  nulling mechanism must  play. 
The sys tem a s  descr ibed in  Section V-A-1 - a  basically measu res  
the  deflection of a s lender  column caused by the component of thrust  
perpendicular  to the column. 
caused  by la te ra l  displacements of the center of gravity of the system 
o r  of the thrus t  vector  not invalidate the accuracy of the measurements .  
It is  important t h a t  extraneous torques 
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Figure 11 depicts these perturbing forces .  Ideally, the forces  
due to the thrus t  vector and the center  of gravity should act  along the 
axis of the supporting column. 
f rom the ideal position a r e  represented by x and y, respectively,  
in F ig .  11. The column of length P is supported on an accurately 
level table and makes an angle f3 with the horizontal. Assume f i r s t  
that p = 90° and that the two perturbing torques (taken about point 
A a t  the base of the column) a r e  
Displacements of these two fo rces  
L1 = (T cos a)  (x) 
where 
M E m a s s  of the sys tem (assume 25 lb) 
T E total  th rus t  (assume 0.025 lb) 
a E thrust  deviation (2 1/4O) . 
The torque produced by the thrus t  component that  we wish to m e a s u r e  
i s  
L3 = T(s in  a) P 
where 1 = column length (assume 12 i n . ) .  
and L3 > L2, 
To a s s u r e  that L3 > L1 
we must  have 
T sin a)P 
(T c o s a )  x <  
:. x < 0 . 0 5 0  i n .  
and 
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Fig. 1 1 .  Perturbing forces. 
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(T  s in  a)l 
Mg Y C  
y C 5 x  10 -5  in .  
These calculations show that there  is  a relatively 
the alignment of the thrus t  vector  with the ax is  of 
la rge  tolerance on 
the supporting column, 
while very  l i t t le shift in center  of mass position i s  permiss ib le .  
Consider f irst  the th rus t  vector misal ignment .  F o r  a perfect ly  
symmetr ical  t h rus t e r  the thrus t  vector  should p a s s  through the exact 
center  of the ion optical sys t em.  
bet ter  than the 0 .050  in .  permiss ib le  e r r o r  calculated above. Deter-  
mining the probability that a shift of th i s  magnitude wi l l  occur  during 
testing should be one of the goals of the analytical  study. 
that  reasonable tolerance t o  lateral shifts  in  the thrus t  vector  location 
are  tolerable,  because i t  is not possible to  separa te  the two torques 
and L3 by varying the total  thrust ,  since each va r i e s  direct ly  with the 
thrus t  magnitude and angle .  
ple permi ts  the separation of the two effects is the misalignment x .  
shown below, this  cannot be adjusted during a run because of the ve ry  
large effects associated with shifting the position of the  center  of mass. 
This  can  cer ta inly be  specified to 
It is fortunate 
L1 
The only other  var iable  which even in pr inci-  
As 
A s  shown above, the fo rce  on the th rus t  table due to  gravity 
acting on the center  of mass of the table and its load (the th rus t e r ,  e t c . )  
mus t  pas s  accurately through the pivot point A at the base  of the sup- 
port  column. 
be located to  the necessary  accuracy,  a technique for  mechanically 
balancing the sys t em i s  required.  The location of the thrus t  vector  
physically defines where the th rus t e r  m u s t  be  located with respec t  to 
point A ;  therefore ,  balancing m u s t  be done by the addition of weights 
to the table, possibly using one of the m a n y  techniques developed f o r  
modern  analytical balances.  
Since neither the center  of mass nor  the pivot point can 
Final  prec is ion  balancing m a y  be done with 
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automatic nulling incorporated into the sys tem (of the type shown in 
Fig.  9 )  to maintain the bubble level during the t e s t .  
up a s  a zero  offset at  the no thrus t  condition. 
This would show 
Small  shifts in  the center of mass m a y  occur during operation 
because ma te r i a l  is being removed f rom o r  deposited on the ion source  
o r  its supporting s t ruc ture .  
occur  when the electrodes a r e  moved with respect  tc each other as  
par t  of the experimental  p rogram.  Assuming that the acce lera tor  
electrode is 1/20 the weight of the total sys tem and that it is moved 
0.010 in .  during the experiment, this in effect shifts the center  of 
m a s s  5 x 10 i n . ,  thus producing an effective torque an  o rde r  of 
magnitude l a rge r  than the minimum to be measured .  
effect can be calculated and a l so  measured directly by shifting the elec-  
t rodes  with no beam extraction and thus may  be  subtracted f rom the 
observed th rus t  deviation to give t h e  t r u e  reading. 
mass and the amount of motion will be known, it i s  also possible to 
compensate for  the center  of mass motion by moving an equivalent 
weight in the opposite direction. 
p m a y  be direct ly  calculated once the column length 1 is fixed. 
Other center of mass shif ts  m a y  inevitably 
-4  
Fortunately this  
Because the electrode 
The permissible  tolerance f o r  angle 
We now develop a mathematical analog of the stiff column sys-  
t e m  and calculate f rom it the system output and frequency response.  
The r e su l t s  of this  analysis indicate that the example sys tem designed 
above provides a 19 m V  signal when the thrus t  vector is per turbed 
1/4O. The frequency response is linear up to approximately 1 cps .  
As stated above, the two axis level  sensor  is based on the 
kinetic propert ies  of a gas  bubble in a liquid confined under an optical 
flat. 
r ad .  
- 9  This  sensor  has  demonstrated resolution on the o r d e r  of 10 
The output of one axis of this  sensor  i s  given by 
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where heavy bodied l e t t e r s  denote the Laplace t ransform of a t ime 
variable and 
complkx frequency variable 
output signal, V 
gain constant 
one of the two horizontal coordinates of the 
bubble 
angular t i l t  of the optical flat measured  f r o m  
the X axis  
gravitation acceleration 
viscous damping coefficient 
effective m a s s  of the bubble (considered as 
positive). 
This sensor  se rves  a s  the detector in a sensitive force  measuring sys tem 
shown i n  F i g ,  12. 
for  this  system can be stated a s  
Assuming small deflections, the differential  equation 
S 2 M t X t S f m X t R m X t F m t F  e = 0 .  
The system shown above consis ts  of a t e s t  table mounted on a 
the force  to be measured ,  produces Fe 9 flexible cantilever s t ru t .  
l inear  and angular motion of the table which is sensed by the bubble. 
The output of the bubble is fed back to  the table by a fo rce  motor  Fm. 
Spring rates  associated with the fo rce  motor  and the cantilever s t ru t  
a r e  shown a s  km while all viscous l o s s e s  a r e  lumped under fm.  
The table tilt is re la ted to the table  deflection by the law of the 
uniform cantilever beam 
e = -  3 x  
21 
46 
Fig. 12. Analog of thrust meter. 
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If the force motor  output 
output Vb, i . e . ,  
Fm i s  proportional to  the bubble sensor  
F m = K m V b  ; 
if a cascade lead compensating network i s  added such that the bubble 
senso r  output (10) i s  now given by  
the t ransfer  function relating V to the force Fe is b 
This  t ransfer  function i s  stable f o r  all values of gain.  
es t imate  of system performance m a y  be  obtained by selecting numeri-  
ca l  values a s  follows. 
A quantitative 
I n  the weight of the table Mt the length and stiffness of the 
cantilever s t ru t  I and km were dictated by mechanical  design 
considerations (see above) .  The gain fac tors  Km and Kb were 
selected to optimize the shape of the frequency response curve of 
the sys tem.  fm was selected based on a force  motor  with 10% of 
c r i t i ca l  damping. IFe I 
be resolved and I Vbl is the magnitude of the sys t em output signal 
under a steady s ta te  condition. 
below, the charac te r i s t ic  equation of the  sys t em can  be factored to 
determine the location of the poles .  
is the magnitude of the minimum f o r c e  to 
With the numer ica l  values l is ted 
2 2 
= 4 8 . 2  r ad  /sec 2 K = 2 . 3 2  x lO- 'N/V m 
km 2 2 - = 1 2 8  rad  /sec Mt - -  fm - 2 . 2 6  rad /sec  Mt 
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Mt = 14 .6  kg 2 - -  Kb - 552 V/N sec  
I F  1 4.45  x ~ o - ~ N  
Mt 
e 
48.2 - -  Vb - 43 
1 F e  
J 2 8 . 6  
At IF I = 4 . 4 5 x  IVbl = 1 9 . 2 m V f o r  S = 0 .  The s y s t e m f r e -  
quency response,  as shown in F i g .  13, is 3 dB down a t  approximately 
0 . 5  Hz .  
e 
A s  descr ibed above, the system is sensitive to t i l t  and acce le r -  
ation of the mounting base .  E r r o r s  resulting f r o m  this sensitivity can 
be avoided by measuring the differential output of two identical sys tems,  
one carrying the equipment under test  and the other carrying a dummy 
se t  of equipment. 
frequency response curves ,  motion of the mounting base causes  no 
differential output (provided, of course,  that this motion does not 
cause either sys tem to sa tura te ) .  
To the extent that the two sys tems have identical 
b .  Floating Suspension - As stated above, this  
concept is  a recent  outgrowth of the s t i f f  column design analyzed in 
the preceding section. 
the two possible types of th rus t  misalignment i l lustrated in F ig .  10 
and 
t ions of the thrus t  vector and torques se t  up about the centerline o r  
nominal th rus t  ax i s .  Figure 14 i l lust rates  the proposed suspension 
mechanism which provides the additional degrees  of f reedom. 
I ts  p r imary  advantages a r e  (1) that it resolves  
(2) that a single experimental  setup measu res  both angular deflec- 
It is desirable  to design the floating suspension sys tem s o  that 
the buoyant fo rce  of the mercu ry  supports the platform but does not 
tend to  fo rce  it to maintain a particular position. 
p rope r  mechanical design the system m a y  be made crit ically stable 
SO that  the buoyant fo rces  neither tend to right i t  o r  to upset i t .  
In other words, by 
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Fig. 14. Proposed suspension system. 
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Reference to F ig .  14 will make this m o r e  c l e a r .  In the upright float- 
ing body (F ig .  14 (a))  the weight w of the body acts through the center  
of gravity G and the buoyand fo rce  Vwl’ through B the center  of 
displaced liquid. If the body i s  tipped as  in F ig .  14(b),  the volume 
of displaced liquid remains  the same but the center  of bouyancy 
moves to B’  and the couple fo rmed  by W and Vw tends to right 
the body. 
the center line (BG) at m.  A s  the angle of t i l t  approaches zero ,  
m approaches a limiting position above G known a s  the metacenter .  
The distance Gm i s  known as the metacentr ic  height. It i s  apparent  
f r o m  F i g .  14 that the g rea t e r  as value of G m  increases ,  the couple 
which tends to right the body inc reases .  Elementary tests on floating 
bodies show that for  sma l l  angles of tilt the metacent r ic  height is  given 
.L 
T h e  line of action of the bouyant force  p a s s e s  through 
I 
V G m = - - P  
where 
p r  distance between the center  of gravity and center  
of bouyancy 
volume of displace liquid 
a r e a  moment  throu h a water line section of the 
floating body ( = 2  Jxz d A of F i g .  13 ( a ) ) .  
F o r  our application we wish the metacent r ic  height (hence the 
fo rce  tending to right a displaced floating body) to be ze ro .  
f r o m  the above 
There fo re ,  
I - = P .  V 
All quantities may  be calculated f r o m  a knowledge of the shape and 
specific gravit ies of the ma te r i a l s  involved. Once th i s  condition is 
achieved, the body i s  neut ra l .  
>* 
Vw3- product of displaced volume V and specific gravi ty  of liquid w. 
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Electromagnetic fo rce  motors  of the type descr ibed ea r l i e r  
a r e  suitable for  u se  he re  as  well. 
the thrust  components a s  described in Section V-A-1. 
m e t e r  of the type descr ibed in the same section wi l l  be used to de te r -  
mine when the thrus t  platform i s  parallel  to  the m e r c u r y  sur face .  
The null m e t e r s  necessary  to determine when the side thrus t  compo- 
nent and torque have Seen exactly corr-pensated have not yet been 
chosen. A high degree of sensitivity i s  not required because any 
continuous unbalanced force  acting over a period of t ime will generate 
enough motion to exceed the deadband of even a relatively crude sys tem.  
A complete mathematical  analysis of this  sys tem similar to that 
described above for  the s t i f f  column sys tem will be completed during 
the next qua r t e r .  
They a r e  positioned to compensate 
A small t i l t-  
B .  Electrode Posit ion Monitors and Motion Generator 
Two types of experiments a r e  planned in the experimental  verifi-  
cation phase of this  p rogram.  
t rodes  with respect  to each other t o  generate the perturbations con- 
s idered  in Section I1 in a known manner .  
p rec ise ly  control the relative angular and la te ra l  positions of the 
sc reen  and acce lera tor  e lectrodes.  
ment  is  to run the th rus t e r  for  a 50 hour period while monitoring both 
the direction of the thrus t  vector  as  well as the electrode misalignments 
that  naturally occur  a s  the run p rogres ses .  
mechanisms to measu re  the relative positions and shapes of the elec- 
t r o d e s .  Final design of both the position monitor and motion generator 
awai ts  outputs f r o m  the study phase of this  contract  which will approxi- 
ma te ly  define the range over which motion must  be generated.  
The f i r s t  is to prec ise ly  move the elec- 
This requi res  mechanisms to 
The second phase of the experi-  
These t e s t s  require  
5 3  
1 .  Posit ion Monitor 
TWO types of position monitor a r e  requi red .  The f i r s t  
mus t  measu re  the axial  alignment of individual ape r tu re s  in the 
sc reen  and acce lera tor  electrodes and the second and actual  contour 
of the electrode su r faces .  These measurements  m u s t  be made in 
vacuum on a thrus te r  while i t  is operating. 
It was initially proposed that a light beam be used  f o r  each of 
these measurements .  
m a y  be used to  monitor the motion of a collimated beam of light to  a 
few thousands of an  inch.  Fu r the r  investigation indicated, however, 
that the t a s k  can be  m o r e  s imply done with a differential  t r ans fo rmer  
of the type sold by Automatic Timing and Controls Inc . ,  Type 6234. 
One such t r ans fo rmer  was purchased,  tes ted,  and found to provide a 
response of 
Differential de tec tors  a r e  available6 which 
1 . 8  mV 
(1 . 001 in .  ) (p r imary  volt) 
Fu r the r  experiments  indicate that c r o s s  coupling between motions in 
the orthogonal direction i s  attenuated by at l ea s t  an o r d e r  of magnitude. 
Measurement  of the electrode surface contours while the 
thrus te r  is operating represents  a relatively difficult t a s k .  
posed to  accomplish this as shown in  F i g .  
will be set  in the acce le ra to r  surface a c r o s s  a d i ame te r .  The relative 
positions of these pins will be observed f r o m  outside the vacuum 
chamber with an  alignment telescope 
position to 0 .001 in .  over  a rtO.050 i n .  range .  The sc reen  position 
may  be  s imilar ly  monitored by mounting pins on the existing holes in 
the acce lera tor  e lec t rode .  
holes in the electrodes,  a reasonably good m e a s u r e  of the electrode 
prof i le  is  possible .  It will be necessary ,  of course ,  to  block ape r tu re s  
symmetr ical ly  about the centerline so that t h rus t  per turbat ions do not 
resul t  . 
It i s  p r o -  
A s e r i e s  of short  pins 15. 
: 
capable of direct ly  reading 
By blocking 10 to 15 of the near ly  3000 
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Fig. 15. System to measure electrode warping. 
55 
2 .  Electrode Motion Generator 
Details of the motion generator have not yet been worked 
out .  
differential expansion of d i ss imi la r  me ta l s .  
It is tentatively decided to employ a mechanism based on the 
5 6  
VI .  CONCLUSIONS 
All elements of the program a r e  on schedule according to  the 
original program plan. 
t ra jectory determination required somewhat longer than anticipated 
for  debugging, but it is now running satisfactorily.  A new concept for  
a thrust  measuring sys tem has been conceived and is  being evaluated. 
Although certain p a r t s  of the analysis of the s lender  rod thrus t  stand 
m a y  be inapplicable, it is  felt that the  floating table sys t em w i l l  prove 
m o r e  effective and economical for  t h e  experimental  phase.  N o  prob-  
lems of significance, other than those mentioned above, have a r i s e n .  
It is anticipated that the program will be completed on schedule. 
The digital computer p rogram used in the ion 
5 7  
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VII.  PROGRAM FOR NEXT QUARTER 
The ion optical study will be  completed during the next quar te r .  
The analog computer technique wi l l  be phased out e a r l y  in the quar te r ,  
a f t e r  completing its objectives, and the main body of data des i red  f rom 
this  effort will be generated by t h e  digital computer.  
The analysis of causes  and magnitudes of electrode rnisalign- 
ments  will be ca r r i ed  out, based par t ly  on the resu l t s  of the thermal  
s imulated-thruster  t e s t s  . 
The design of the th rus t e r  system, to be used in  the experimental  
verification t e s t s  and including the thrus te r  and the electrode position 
adjustment and monitoring devices, wi l l  be essentially complete by t h e  
end of the next quar te r .  
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VIII. N E W  TECHNOLOGY 
In the f i r s t  th ree  months of the contract  period two novel tech- 
niques for thrust  measurement  have been studied and evaluated. 
date no hardware has  been constructed to actually demonstrate the 
technology . 
T o  
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